Blood samples were collected from a local strain of chickens associated with serious tumor cases in Shandong Province. The samples were inoculated into chicken embryo fibroblast and DF-1 cells for virus isolation and identification, respectively. The inoculated cells were screened for three common chicken tumor viruses. Nine strains of avian leukosis virus subgroup J (ALV-J) were identified, and were designated LY1201-LY1209. The env gene from the LY1201 strain was amplified and cloned. All nine resultant env clones (clones 01-09) were sequenced, and the gp85 and gp37 amino acid regions were subjected to homology analysis. Clones 01 and 03 had 10 amino acid deletions in the gp85 region compared to the other seven clones, suggesting that at least two quasispecies with obvious mutations coexist in the same field strain. Among these nine clones, three had identical gp85 and gp37 sequences, and were recognized as the dominant LY1201 quasispecies. The amino acid sequence homology of gp37 and gp85 among the nine clones was 98.5%-100.0% and 96.6%-100.0% respectively, suggesting that the gp85 region of the env gene can better display the quasispecies diversity of ALV-J than gp37. 
Avian leukosis virus (ALV) is a common avian retrovirus associated with neoplastic diseases. Based on host range, cross-neutralization, and viral interference, exogenous ALV in chickens is classified into A, B, C, D, and J subgroups, which induce different pathotypes of neoplastic diseases in chickens [1] . Among these subgroups, subgroups J, A, and B are the most prevalent in chickens from China [2] [3] [4] [5] .
Since it was first isolated and identified in the UK in 1988 [6] , ALV-J quickly spread worldwide [7] [8] [9] [10] [11] , causing severe economic losses in broiler farms in the 1990s and the early 2000s. In the mainland of China, ALV-J mainly caused myelocytomatosis (ML) and was officially recognized in white meat-type breeders in 1999 [4, 5] . Clinical cases of ML tumors caused by ALV-J infections were reported in egg-type commercial layers in 2004 [12] . Because of successful global eradication programs, ALV-J-related tumor cases became very rare in white meat-type chicken farms. However, increasing numbers of tumor cases diagnosed as myelocytomatosis have been reported in local breeds of "yellow chickens" and other local breeds over the past few years in China [1316] .
In recent years, much attention has been paid to quasispecies diversity and the evolution of viruses [17, 18] . Viral quasispecies have been correlated with gene duplications. For example, the chance of mutation for each nucleotide of the hemagglutinin (HA) gene of avian influenza virus (AIV), subtype H9N2, was calculated to be 2×10 3 for each repli-cation, or about one base mutation occurring in every duplication cycle [19] . Therefore, RNA viruses in any cell culture or individual animal actually represent a viral population, composed of different quasispecies with some genomic differences. Because of the lack of correction mechanisms inherent in the RNA polymerase, ALV retroviruses are prone to mutation. Because ALV-J may contain a greater number of quasispecies than other subgroups, it is likely to be a good model for studying the quasispecies diversity of animal virus.
In the present study, nine highly pathogenic environmental ALV-J strains were isolated from serious tumor cases, and the quasispecies diversity was analyzed by nucleotide sequence comparisons of the envelope (env) gene from different clones from the same PCR product.
Materials and methods

Sample animals
In July of 2012, severe hemangioma tumors were detected in some chickens at a chicken farm in the city of Linyi, Shandong Province, China, with a total flock size of 8000 chickens. The chickens were all of a local breed named Huainanwang. The sick chickens had enlarged livers, spleens, and kidneys at 70 days of age, and the tumor-related mortality peaked between 90 and 110 days of age. The entire flock was eventually eliminated because of the infections.
Cells and virus isolation
DF-1 cells (a cell line from embryo fibroblast cells of C/E type chickens resistant to subgroup E endogenous ALV) were purchased from the American Type Culture Collection and used to isolate exogenous ALV. DMEM (pH 7.2; Invitrogen, Carlsbad, CA, USA) containing 100 U mL 1 penicillin and 100 μg mL 1 streptomycin was used as the basic medium. The growth medium consisted of the basic medium with the addition of 10% fetal bovine serum (FBS), while the maintenance medium contained 2% of FBS. Cell cultures were maintained in an incubator with 5% CO 2 at 37°C. Plasma samples were collected from nine randomly selected chickens and inoculated into chicken embryo fibroblast (CEF) and DF-1 monolayers, respectively, in 6-well culture plates. Inoculated DF-1 cultures were incubated for 12 d. The supernatant from each well was then tested for ALV group-specific p27 antigen using an ALV p27 antigen detection kit (IDEXX laboratory, Beijing IDEXX Yuanheng Laboratories, Co., Ltd., Beijing, China) according to the manufacturer's instructions. The supernatants that were positive for p27 antigen were inoculated into a fresh DF-1 cell culture on a large scale to amplify virus stocks. Positive supernatant samples were stored at −80°C. Immunofluorescence antibody assay (IFA) was used to test the cultured cells for ALV-J, ALV-A/B, REV, and MDV infection using ALV-J specific monoclonal antibody JE9, ALV-A/B specific chicken antiserum, reticuloendotheliosis (REV) specific monoclonal antibody 11B118, and Marek's disease virus (MDV) specific monoclonal antibodies BA4 and H19, respectively, as described by Qin et al. [20] . Primary antibody binding was detected using FITC-labeled anti-mouse IgG (Sigma-Aldrich, Saint Louis, MO, USA).
Testing of antibody response to REV, ALV-A/B, and ALV-J
Serum samples were collected from each of the same chickens used for virus isolations to examine the antibody response to ALV-A/B and ALV-J, using an ALV Antibody Test Kit for subgroups A/B and J (IDEXX). The serum was also assayed for antibodies to REV by ELISA using a Reticuloendotheliosis Virus Antibody Test Kit (IDEXX) according to the manufacturer's instructions. Each sample was tested twice to ensure the accuracy of the results.
Amplification, cloning, and sequencing of the env gene region
Genomic DNA was extracted from DF-1 cells infected with one ALV-J strain. To amplify a 2.2 kb fragment with the whole env gene of ALV-J, a pair of primers were used as env-F 5′-gctgccatcgagaggttact-3′ and env-R 5′-agttgtcagggaatcgac-3′, the PCR was performed as described by Wang and Cui [21] . Amplicons were agarose gel-purified using an E.Z.N.A Gel Extraction Kit (Omega Bio-Tek, Inc., Norcross, GA, USA), the gel-purified PCR products were cloned into pMD-18T plasmid vector (Takara Bio Inc., Tokyo, Japan), followed by propagation in DH5a (TIANGEN, Beijing, China). The transformants colonies were screened and identified by PCR identification with the primers introduced above. All positive clones were sequenced by a commercial sequencing service (Invitrogen, Shanghai, China). The nucleotide sequence alignment was carried out with the Clustal Method of the MegAlign program implemented in the DNAStar package ver. 7.01 (DNAStar Inc., Madison, WI, USA). The phylogenetic analysis was accomplished with Clustal W alignment and the neighbor-joining and maximum parsimony methods with 500 bootstrap replicates using the MEGA ver. 4.0 [22] . In total, nine clones were sequenced and analyzed.
Homology analysis of gp85 amino acid sequences
The amino acid sequences of the envelope protein, gp85, were used to determine the ALV subgroups. The gp85 sequences of the isolated viruses were compared with those of reference strains of ALV-J. Because the Shandong local chicken strains originated in Anhui Province, reference se-quences from 20 ALV-J strains isolated from Shandong and Anhui provinces, along with the ALV-J prototype HPRS-103 sequence, were used as reference sequences for the homology analysis. The GenBank accession numbers of the sequences used are listed in Table 1 . The nucleotide sequence alignment was carried out by with the Clustal Method of the MegAlign program implemented in the DNAStar package ver. 7.01.
Results
Isolation and identification of exogenous ALV
DF-1 cell cultures were incubated at 37°C for 12 d, and the supernatants were tested for ALV p27 antigen. The results showed that all cultures inoculated with plasma samples from the nine chickens were positive for p27 antigen, indicating that they had exogenous ALV viremia. The virus isolates were designated LY1201-LY1209. IFA experiments showed that the infected cells could only be labeled with ALV-J specific monoclonal antibody, JE9, and showed no reaction with REV and MDV specific monoclonal antibodies ( Figure 1 ). All serum samples were negative to antibodies against ALV-A/B and REV. More interestingly, the serum samples were also negative to ALV-J antibody, although they were all infected with ALV-J, as demonstrated in cell cultures. This may be caused by the immunosuppression induced by ALV-J early infection. As a result, the hosts failed to produce antibodies against ALV-J, which led to the persistent viremia in the chickens.
Analysis of LY1201 quasispecies diversity based on gp85 and gp37 sequences
Nine clones of the env gene from the LY1201 strain, designated clone 01-clone 09, were sequenced. The homology of the amino acid sequences of the gp85 region ranged from 96.6%-100.0% (Table 2) , while homologies for the gp37 protein ranged from 98.5%-100.0% (Table 3) . Ten amino acid deletions were found in the gp85 region (amino acids 210-219) of clones 01 and 03 compared to the other seven clones (Figure 2 ). The results indicated that at least two SD100501J  2010  Shandong  HQ270189  SD100502J  2010  Shandong  HQ270188  WN100401  2010  Anhui  HQ271447  WN100402  2010  Anhui  HQ271448  CL09DP01  2009  Shandong  JN378882  CL09DP02  2009  Shandong  JN378883  CL09DP03  2009  Shandong  JN378884  CL09DP04  2009  Shandong  JN378885  GL09DP01  2009  Shandong  JN378886  GL09DP02  2009  Shandong  JN378887  PL09DP5-1  2009  Shandong  JN378891  SD09TA04  2009  Shandong  JN378893  SD07LK1  2007  Shandong  EU264064  SD07LK2  2007  Shandong  EU264065  NX0101  2001  Ningxia  AY897227  HPRS-103 1988 UK Z46390 quasispecies with obvious mutations coexist in the same ALV-J strain. Among these nine clones, three clones (clones 06, 07, and 09) had identical sequences in both the gp85 and gp37 regions, and were therefore recognized as the dominant LY1201 quasispecies. Taken together, these results suggested that the quasispecies diversity of ALV-J gp37 was much lower than that of gp85. The sequence differences of the gp85 region between different clones indicated that ALV-J strain LY1201 was composed of different quasispecies, despite the fact that these quasispecies shared a high level of homology.
The gp85 protein comparison of LY1201 strain with ALV-J reference strains
Clone 01, which had the 10 amino acid deletion, shared 85.5%-92.3% homology with the 20 reference strains in the gp85 amino acid sequence region. The phylogenetic tree based on the gp85 amino acid sequences showed that clone 01 was most closely related to reference strain PL09DP5-1 (data not shown). Another quasispecies, clone 06, which is the dominant quasispecies in this field strain, showed 85.7%-90.9% sequence homology to the reference strains in the gp85 amino acid region. The greatest numbers of amino acid mutations were identified in four areas of gp85: amino acids 110-120, 140-150, 190-200, and 210-220 ( Figure 3 ).
Discussion
China has the second largest broiler chicken industry in the world, and all broiler breeds have been imported from different parts of the world over the last two decades. During the last 10 years, ALV-J has been reported globally [711]. ALV-J was officially recognized in China in 1999 [4, 5] , and was reported in egg-type commercial layers in 2002 [12] . In addition, China has more than 40 local chicken breeds, which are also susceptible to infectious diseases, especially immunosuppressive viruses such as ALV and REV. Among these viruses, ALV-J is of particular concern for local chicken breeds, as our previous survey showed that the rates of ALV-J antibody in some local chicken strains were as high as 59.6% [23] . In the current study, nine highly pathogenic ALV-J strains were identified from a local chicken population suffering from tumors that were eventually fatal. This confirmed the serious risk of ALV-J to local breeds in China, and suggested that significant attention should be paid to the prevention and control of ALV-J in local chicken breeds.
The current study focused on the diversity and complexity of quasispecies of ALV-J isolates. As documented by previous reports, viral quasispecies usually be identified by analysis of quasispecies of some genes [18, 24, 25] . Therefore, to observe the quasispecies diversity of ALV-J, we can study the quasispecies diversity within some ALV-J genes, such as env, which has a high mutation rate and is associated with the antigen. The ALV env gene encodes two proteins, gp85 and gp37. However, gp85 is located on the surface of virions and is therefore the major protein for subgrouping of ALV.
Nine clones of the env gene from the LY1201 strain, designated clones 01-09, were sequenced and subjected to homology analysis. The gp85 amino acid region of the clones ranged from 96.6%-100.0%, while that of the gp37 region, which is relatively conserved, was 98.5%-100.0%. These differences between the clones revealed the presence of quasispecies, rather than being caused by mutations resulting from amplification or sequencing errors. A deletion of 10 amino acids was found in the gp85 region (amino acids 210-219) of clones 01 and 03, compared to the other seven clones (Figure 3) , demonstrating that at least two quasispecies with obvious mutations coexist in the same ALV-J strain. These results indicated that the quasispecies diversity of ALV-J gp85 was much higher than that of gp37. The sequence differences among different clones in the gp85 region indicated that ALV-J field strain LY1201 was composed of multiple quasispecies, although these quasispecies shared a high level of homology.
Because RNA polymerases lack a proofreading mechanism, RNA viruses are prone to errors during replication. It is assumed that amino acid changes at certain sites of envelope glycoproteins could help mutated viruses evade the neutralizing activity of specific antibodies or immune cells. Mutants resistant to neutralizing antibodies may be able to replicate faster than parental viruses. These mutants would then gradually become the dominant quasispecies in the virus population. In this study, out of the nine clones, clones 06, 07, and 09 had identical amino acid sequences in both the gp85 and gp37 protein subunits, indicating that they belong to the same quasispecies. These quasispecies account for the majority of the LY1201 population. However, it is difficult to determine which quasispecies of this highly pathogenic field strain is more important for the pathogenesis: a quasispecies with 10 amino acid deletions, such as clone 01, or the dominant quasispecies, represented by clone 06. Most likely the pathogenicity is due to the coexistence and cooperation of these two different quasispecies. The synergistic effects from coinfection of different avian immunosuppressive virus strains has been proved by many reports [2628]. Whether the coinfection of different quasispecies can enhance pathogenicity requires further study.
It is important to note that the experimental design of the current study ensured that the observed differences among clones were a reflection of the presence of different quasispecies, rather than sequencing errors. In our previous studies, the ORF5 gene of porcine reproductive and respiratory syndrome virus (PRRSV) was amplified to show the differences between various quasispecies, while the conserved ORF6 gene was used as a control [18] . In the present study, only the env gene of the same field strain was amplified, and the PCR product was cloned to show the differences between the several ALV-J quasispecies. Because the env gene of ALV encodes two proteins (gp85, which mutates quickly, and the comparatively conserved gp37), if the differences between the clones were caused by sequencing errors, both gp85 and gp37 would give similar variation rates and patterns among different clones. The results also suggest that gp85 sequence regions can better display the quasispecies diversity of ALV-J than gp37.
The gp85 sequences of two major quasispecies, clones 01 and 06, were compared to different reference strains isolated from Shandong and Anhui provinces, China, from 2009 to 2010. Mutations were mainly located in four sequence regions: amino acids 110-120, 140-150, 190-200, and 210-220. Interestingly, in 2006 we established a model to study the evolution of ALV-J under antibody selective pressure. The results showed that amino acid regions 110-120, 140-150, and 188-193 were highly variable and more likely to be affected by antibody selective pressures. Therefore, we hypothesize that the mutations found in the current field strain are likely to be caused by antibody selective pressures, shown by the shared regions of highly variable amino acid sequence.
Although the clones investigated in this study came from the same PCR product of the same env gene, there was a fairly high level of variation in the gp85 sequences. However, the gp85 amino acid homology between the four reference strains, CL09DP01, CL09DP02, CL09DP03, and CL09DP04, was 100%, and these reference strains were isolated from the same area. Therefore, this study is a good demonstration of the diversity and complexity of ALV-J quasispecies in different areas of China. 
